Due to the deflection of light by density fluctuations along the line of sight, weak lensing is an unavoidable systematic uncertainty in the use of type Ia supernovae (SNe Ia) as cosmological distance indicators. We derive the expected weak lensing signatures of SNe Ia by convolving the intrinsic distribution in SN Ia peak luminosity with magnification distributions of point sources. We find that current SN Ia data at high z show both the presence of a non-Gaussian tail at the bright end (possibly due to high magnifications), and a faint-ward shift of the peak of the distribution (possibly due to demagnifications). Weak lensing effect may have begun to set in as a non-negligible systematic uncertainty in the use of SNe Ia as a cosmological probe, and should be minimized by flux-averaging.
The use of type Ia supernovae (SNe Ia) as cosmological distance indicators has become fundamental in observational cosmology (Garnavich et al. 1998; Riess et al. 1998; Perlmutter et al. 1999; Knop et al. 2003; Tonry et al. 2003; Riess et al. 2004) . Although SNe Ia can be calibrated to be good standard candles (Phillips 1993; Riess, Press, & Kirshner 1995) , they can be affected by systematic uncertainties. These include possible evolution in the intrinsic SN Ia peak brightness with time (Drell, Loredo, & Wasserman 2000) , weak lensing of SNe Ia (Kantowski, Vaughan, & Branch 1995; Frieman 1997; Wambsganss et al. 1997; Holz 1998; Metcalf & Silk 1999; Wang 1999; Valageas 2000; Munshi & Jain 2000; Barber et al. 2000; Premadi et al. 2001) , and possible extinction by gray dust (Aguirre 1999) .
Weak lensing effect is an unavoidable systematic uncertainty of SNe Ia as cosmological standard candles, simply because there are fluctuations in the matter distribution in our universe, and they deflect the light from SNe Ia (causing either demagnification or magnification).
In Sec.2, we derive the expected weak lensing signatures of SNe Ia by convolving the intrinsic distribution in SN Ia peak luminosity with magnification distributions of point sources. In Sec.3, we use current SN Ia data to show that weak lensing effect may have already begun to set in. Sec.4 contains a brief summary and discussions.
signatures of weak lensing
The observed flux from a SN Ia is
where L int is the intrinsic brightness of the SN Ia, and µ is the magnification due to intervening matter. Note that µ and L int are statistically independent. The probability density distribution (pdf) of the product of two statistically independent variables can be found given the pdf of each variable (for example, see Lupton (1993) ). We find that the pdf of the observed flux f is given by
where g(L int ) is the pdf of the intrinsic peak brightness of SNe Ia, p(µ) is the pdf of the magnification of SNe Ia. The upper limit of the integration,
A definitive measurement of g(L int ) will require a much greater number of well measured SNe Ia at low z than is available at present. Since g(L int ) is not sufficiently well determined at present, we present our results for two different g(L int )'s: Gaussian in flux and Gaussian in magnitude. The p(µ)'s can be computed numerically using cosmological volume N-body simulations (see for example, Wambsganss et al. (1997) ; Barber et al. (2000) ; Premadi et al. (2001) ; Vale & White (2003) ). We can derive the p(µ) for an arbitrary cosmological model by using the universal probability distribution function (UPDF) of weak lensing amplification (Wang, Holz, & Munshi 2002) , with the corrected definition of the minimum convergence (Wang,Tenbarge, & Fleshman 2004) ,
where r(z) is the comoving distance in a smooth universe,
, with ρ X (z) denoting the dark energy density. The affine parameter
Note that µ min = 1/(1 −κ min ) 2 . We have used a modified UPDF , with the corrected minimum convergence and extended to high magnifications. Clearly, there are two signatures of the weak lensing of SNe Ia in the observed brightness distribution of SNe Ia. The first signature is the presence of a non-Gaussian tail at the bright end, which is due to the high magnification tail of the magnification distribution. The second signature is the slight shift of the peak toward the faint end (compared to the pdf of the intrinsic SN Ia peak brightness), which is due to p(µ) peaking at µ < 1 (demagnification) because the universe is mostly empty. As the redshift of the observed SNe Ia increases, the non-Gaussian tail at the bright end will grow larger, while the peak will shift further toward the faint end (see Figs.1-2) .
If the distribution of the intrinsic SN Ia peak brightness is Gaussian in flux, the dominant signature of weak lensing is the presence of the high magnification tail in flux. If the distribution of the intrinsic SN Ia peak brightness is Gaussian in magnitude, the dominant signature of weak lensing is the shift of the peak of observed magnitude distribution toward the faint end due to demagnification. This is as expected, since the magnitude scale stretches out the distribution at small flux, and compresses the distribution at large flux.
evidence of weak lensing in current supernova data
We use the Riess sample (Riess et al. 2004 ) to explore possible weak lensing in current SN Ia data, as this sample contains the largest number of SNe Ia at z > 1 that are publicly available.
Our high z subset consists of 63 SNe Ia from the Riess sample with with 0.5 ≤ z ≤ 1.4. Our low z subset consists of 47 SNe Ia from the Riess sample with 0.02 ≤ z ≤ 0.1. Table 1 shows the redshift distribution of the 63 SNe Ia in the high z subset. Clearly, the distribution of the low z SNe Ia is consistent with Gaussian in both flux and magnitude, while the high z SNe Ia seem to show both signatures of weak lensing: the high magnification tail at bright end and the demagnification shift of the peak toward the faint end. In fact, both the presence of the bright end tail and the shift of the peak toward the faint end are more pronounced than the predictions based on standard lensing magnifications (see Figs.3-4) . However, since the number of SNe Ia at high z is still small, the difference may have resulted from statistical fluctuations. Table 2 compares the high z and low z SNe Ia plotted in Figs.3 and 4 . The mean brightness and skewness of the distributions have been calculated for both flux and magnitude distributions. The rms variance of the skewness S 3 for a Gaussian distribution is σ G S3 ≃ 6/N (Press et al. 1994) , where N is the number of SNe Ia in the subset. Table 2 Comparison of high z and low z SNe Ia The high z and low z SNe Ia differ little in mean brightness. The high z SNe Ia have a significantly larger skewness S 3 (for both flux and magnitude distributions), however. This is consistent with the signatures of weak lensing discussed in Sec.2. Wang & Tegmark (2004) using flux-averaging (which minimizes weak lensing effect) has been subtracted. Clearly, the distribution of the low z SNe Ia is consistent with Gaussian, while the high z SNe Ia seem to show both signatures of weak lensing (high magnification tail and demagnification shift of the peak to smaller flux). Table 3 lists the three brightest SNe Ia in the bright end tails of Figs.3 and 4. All three SNe Ia are in the "gold" sample of Riess et al. (2004) . The last column in Table 3 lists a possible magnification µ for each SN Ia, (f ± df )/ f , with df /f = sinh (σ µ0 ln 10/2.5), and f given by the low z subset. Note that the possible magnification of SN1998I has a very large uncertainty, because its distance modulus has a very large uncertainty in the Riess sample: µ 0 = 42.91 ± 0.81, which correspond to a flux uncertainty of about 80%. The second row in Table 2 shows that if we exclude the three brightest SNe listed in Table 3 , the skewness of the high z sample drops to about the same as that of the low z sample. However, the mean brightness of the high z sample drops below that of the low z sample, such that the high z sample is about 4% fainter in flux than the low z sample. This suggests that the three brightest SNe in the high z sample are probably not outlyers, but may belong to the high magnification tail of p(µ). 
summary and discussion
We have derived the expected weak lensing signatures of SNe Ia in the distribution of observed SN Ia peak brightness, the presence of a high magnification tail at the bright end of the distribution, and the demagnification shift of the peak of the distribution toward the faint end (see Figs.1-2) .
Based on our comparison of 63 high z SNe Ia (0.5 ≤ z ≤ 1.4) with 47 low z SNe Ia (0.02 ≤ z ≤ 0.1) from the Riess sample (Riess et al. 2004) , we conclude that weak lensing effects may have begun to set in (see Figs.3-4 and Table  2) .
We have identified the three brightest SNe Ia in the high z subset (0.5 ≤ z ≤ 1.4) of the Riess sample, and estimated a possible magnification for each SN Ia (Table 3) . Observational follow-up of the regions near these SNe Ia may show whether these SNe Ia have indeed been magnified.
Our results are consistent with those of Williams & Song (2004) . They found that brighter SNe Ia are preferentially found behind regions which are overdense in foreground galaxies, as expected in weak lensing.
Our results explain the difference between the cosmological constraints found by Riess et al. (2004) and Wang & Tegmark (2004) for the same model assumptions (see Fig.10 of Riess et al. (2004) and Fig.2(a) of Wang & Tegmark (2004) ). Wang & Tegmark (2004) used fluxaveraging in their likelihood analysis; Riess et al. (2004) did not.
As more SNe Ia are discovered at high z, it becomes increasingly important to minimize the effect of weak lensing by flux-averaging (Wang 2000b; Wang & Mukherjee 2004) 1 in using SNe Ia to probe cosmology. In general, flux-averaging can minimize the bias in parameter estimation due to observed fluxes at high z with a non-Gaussian distribution, which has the same mean as Gaussian distributed fluxes at low z (satisfied by weak lensing of SNe Ia).
Public software: A Fortran code that uses fluxaveraging statistics to compute the likelihood of an arbitrary dark energy model (given the SN Ia data from Riess et al. (2004) ) can be found at http : //www.nhn.ou.edu/ ∼ wang/SN code/.
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